We studied the relationship between insertion of the last sense codon (i.e., the codon preceding the stop codon) and the efficiency of gene expression. We inserted 64 kinds of last sense codon at the 5' end of the stop codon of the green fluorescent protein (GFP) gene and introduced the modified GFP genes into Escherichia coli (E. coli). Measuring the fluorescence intensity of the GFP produced in E. coli showed that the last sense codon influenced GFP gene expression and when CCG was inserted as the last sense codon, fluorescence intensity of E. coli was increased to 2.09 fold. On the other hand, insertion of CUA caused decrease of fluorescence intensity to 0.33 fold. We hope that our findings, which may be applicable to gene engineering, will be useful for further studies of protein expression.
Introduction
Protein expression in Escherichia coli (E. coli) has been the most popular means of producing recombinant proteins. E. coli is a very useful host that offers efficient culturing efficiency, easy manipulation and low cost media. People have produced a wide variety of different types of proteins by E. coli [1] - [8] . Although there are many proteins are useful for the humans, these proteins can only rarely be obtained in sufficiently large quantities from their natural sources. Therefore, such proteins are often produced in E. coli via gene engineering.
The expression efficiency of genes in E. coli is very important in genetic engineering, and the codon composition of coding sequences plays an important role in the regulation of gene expression. To master the relationship between the gene sequence and protein expression is helpful for understanding principles of gene expression and effectively controlling the production of protein. The researches about codon, protein, and gene expression have attracted wide attention of people and made great achievements, for example some models had been constructed [9] - [11] , some new methods had been detected and applied to research [12] - [14] .
But there are still some issues have not been solved. For example, it is known that the sequences around the initiation codon influence gene expression in E. coli [15] . However, the influence of the sequences around the stop codon has not been clarified. So we used green fluorescent protein (GFP) gene for our study. GFP was discovered as a companion protein to aequorin in 1962, the famous chemiluminescent protein from Aequorea jellyfish [16] . GFP is composed of 238 amino acids and its molecular weight of roughly is 27 kDa [17] . The discovery of GFP led to a new revolution in molecular biology, medicine, and cell biology, it was particularly useful due to its stability and the fact that its chromophore was formed in an autocatalytic cyclization that does not require a cofactor, now has been a commonly used tool. The most common use of GFP is its remains as a reporter of gene transcription or a protein of interest in the determination of gene expression and protein localization [16] , [18] - [23] . In just recent years, GFP has valued from obscurity to become one of the most widely studied and exploited proteins in biochemistry and cell biology [24] .
In this study, we inserted 64 kinds of last sense codons (i.e., the codon preceding the stop codon) at the 5' end of the stop codon of the GFP gene, tried to solve this problem by research. Because GFP is easy to be quantified and detected, so we compared the expression quantity of GFP, so we used the fluorescence of GFP to judge the influence of last sense codon on expression efficiency [25] [26] . This text aimed to research the correlativity between last sense codon and expression efficiency of protein in E. coli from the perspective of genetic engineering, probe how to gain more and more useful proteins to serve people.
Materials and Methods

Bacterial Strains and Plasmids
E. coli JM109 was used as the host strain, and the pKK223-3 plasmid was used as the expression vector for cloning. Primers for polymerase chain reaction (PCR) were purchased from Sigama-Aldrich Japan (Tokyo, Japan). Restriction enzymes (EcoRI, HindIII), a PCR amplification kit and T4 DNA ligase were purchased from TaKaRa Bio (Ohtsu, Japan).
Insertion of Last Sense Codon to GFP Gene
We inserted 64 kinds of last sense codons into GFP genes by PCR. The used primers were 5'Primer: CCCGAATTCTTTAACTTTAGGAAACACAATTCATGAGTAAAGGAGAAGAACTT and 3'Primer: CTCTAAGCTTTTANNNTTTGTATAGTTCATCCA.
The part with the underline was the stop codon, NNN was the 64 kinds of last sense codons. For example, when NNN was CGG, according to the rule of complementarity principle, it was understood that the last codon was "CCG". We constructed the plasmids by introducing modified GFP genes into pKK223-3 at a EcoRI site and a HindIII site. PCR was performed at 94˚C for 10 min, followed by 25 cycles of 94˚C for 45 s, 48˚C for 1 min and 68˚C for 45 s. After PCR, the plasmids were constructed by introduction of the modified GFP genes into expression vector. E. coli JM109 was transformed with the ligation mixture, the resulting clones were analyzed by sequencing.
Measurement of Fluorescence Intensity of GFP in E. coli
We compared the fluorescence intensity among the 64 GFP genes with different last sense codons. Cells were cultivated in LB medium supplemented with 0.1 mg/mL ampicillin and 40 µM isopropyl-β-D-thiogalactopyranoside (IPTG) at 37˚C for 18 h. We measured the absorbance at 600 nm of the E. coli culture diluted with LB medium, and the fluorescence intensity of the same culture at 508 nm excited at 396 nm using the Gemini fluorescent microplate reader (Nihon Molecular Devise corp., Tokyo, Japan). We then compared the expression efficiency of the modified GFP genes by measuring fluorescence intensity/absorbance at 600 nm, because the fluorescence intensity increased in proportion to the absorbance at this wavelength.
SDS-PAGE Analysis of Extracts of E. coli Having Modified GFP Genes
After the fluorescence intensities of acquired modified GFP genes were known, we wanted to compare the expression quantities of proteins, and analyzed the influences of the modified GFP genes on protein expression efficiency, therefore sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) experiment was done. E. coli JM109 was transformed by the expression vector including GFP gene, and cultured in the LB medium of 20 mL under the presence of 40 μM IPTG at 37˚C for 18 h. DNase was added into the solution and the solution was incubated at 37˚C for 1 h to remove the remained DNA of the solution. The insoluble parts were separated from the solution by centrifugation (4˚C, 13,000 rpm, 10 min) and soluble proteins were analyzed by SDS-PAGE.
Results
As shown in Figure 1 , the fluorescence intensity at 508 nm excited by 396 nm of E. coli culture was measured and compared the expression efficiency of the modified GFP gene as fluorescence intensity/absorbance at 600 nm, because the fluorescence intensity increased in proportion to the absorbance at this wavelength. And the relative fluorescence intensity (RFI) was normalized to that of wild type GFP. Error bars are based on the results of 3 independent experiments. The strongest relative fluorescence intensity (2.09 fold) was observed with a CCG last sense codon, while the lowest relative fluorescence intensity (0.33 fold) was observed with a CUA last sense codon. The relative fluorescence intensities of the other 62 codons were 0.7 -1.5 fold.
As shown in Table 1 , the relative fluorescence intensity differed between proteins expressed by genes with a modified last sense codon normalized to that of the wild type GFP gene. For example, for phenylalanine (coded by UUU and UUC), the relative fluorescence intensity was close, indicating differences in the quantity of GFP produced, but not variation in the amino acid sequences. Similar tendencies were seen for the other amino acids. However, for most of the amino acids, the differences were clear; for example, the relative fluorescence intensities were different among the six last sense codons for leucine (UUA, UUG, UCU, UCC, UCA, and UCG).
Our experiments revealed that last sense codon influenced the expression efficiency of the GFP gene in E. coli; however, the relationship between the last sense codon and the gene expression efficiency of the GFP gene was not clear.
To confirm that the relative fluorescence intensity was related to the expression efficiency of the GFP gene, we performed SDS-PAGE of the extracts of each E. coli variant (Figure 2) . A CCG last sense codon showed the strongest relative fluorescence intensity, and the band around 27 kDa derived from GFP was very thick. On the other hand, a CUA last sense codon showed the lowest relative fluorescence intensity, and the band around 27 kDa was very thin. Therefore, the bands around 27 kDa derived from GFP were related to the values of fluorescence intensity.
Discussion
Insertion of the last sense codon influenced the gene expression of GFP. Although the amino acid was the same, to our surprise, insertion the last sense codon changed the quantity of gene expression. For example, as both CTC and CTA are codons for leucine, the effect of the last sense codon in the GFP gene did not change the C-terminus amino acid of GFP. A similar phenomenon was seen in the other amino acids, but no clear relationship was determined.
Codon usage frequency has always been considered in the research and production of protein expression. When we compared our research results with the usage frequency of the codon commodities, we found that some rules were the same; for example, the CCG last sense codon, had high usage frequency and the lowest relative fluorescence intensity. Other last sense codons, such as AGA and GGG, showed similar trends between relative fluorescence intensity and usage frequency. However, great differences were also noted between the relative fluorescence intensity and usage frequency for other codons. For example, the GGA last sense codon had high relative fluorescence intensity, but low usage frequency. Furthermore, the relative fluorescence intensities of the AUA, and CGA last sense codon were almost same as that of the wild type, although they, like CUA, SDS-PAGE confirmed that relative fluorescence intensity was associated with the quantity of synthesized protein. Since CCG had the highest quantity of synthesized protein, it could be used as the last sense codon in gene engineering to produce useful proteins. Our findings will be useful for further studies of protein expression and may be applicable to gene engineering.
